Background Sarcopenia is the age-related degeneration characterized with the decline of skeletal muscle mass, strength, and function. The imbalance of protein synthesis and degradation which jeopardizes immune, hormone regulation, and muscle-motor neuron connection is the main cause of sarcopenia. There is limited knowledge regarding molecular mechanism of sarcopenia. As the endoplasmic reticulum is the control centre of the protein syntheses and degradation, we hypothesized that endoplasmic reticulum stress and unfolded protein response (UPR) play an important in the development of sarcopenia. Understanding the sarcopenia molecular mechanisms may benefit the therapeutic diagnosis and treatment in the future. Methods Mouse myoblast C2C12 cells are exposed to designated time and concentration of indoxyl sulfate (IS), a uremic toxin of chronic kidney disease. The proliferation, differentiation, and the expression of atrogin 1 are examined. The protein and mRNA expression of IS treated-C2C12 cells are inspected to distinguish the role of ER stress and oxidative stress underlying the sarcopenia. Results Indoxyl sulfate inhibits myoblast differentiation. We demonstrate that as the number of multi-nuclei myotube decreased, the differentiation markers including myoD, myoG, and myosin heavy chain are also suppressed. Indoxyl sulfate inhibits myoblast proliferation and induces the myotubular atrophy marker atrogin-1 protein expression. Indoxyl sulfate stimulates eIF2α phosphorylation and XBP1 mRNA splicing in UPR. Interestingly, the oxidative stress is related to eIF2α phosphorylation but not XBP1 mRNA splicing. The eIF2α phosphorylation triggered by IS reduces myoD, myoG, and myosin heavy chain protein expression, which represents the anti-myogenic modulation on the early differentiation event. The XBP1 mRNA splicing induced by IS, however, is considered the adaptive response to restore the myogenic differentiation. Conclusions Our studies indicated that the ER stress and UPR modulation are critical in the chronic kidney disease uremic toxin-accumulated sarcopenia model. We believe that UPR-related signals showed great potential in clinical application.
Introduction
Sarcopenia is the progressive loss of muscle mass and strength that comes with aging. 1 The causes of sarcopenia include decreased sex hormones, increased proinflammatory cytokines, neurodegeneration, and so on. [2] [3] [4] [5] In cellular and molecular levels, the imbalance of protein synthesis and degradation is the most characteristic feature of sarcopenia. Skeletal muscle differentiation (myogenesis) is crucial for muscle tissue formation and regeneration. Myogenic regulatory factors (MRFs) are the master regulators for myogenic precursor cells, and the myoblast terminal differentiation. Myf5 and MyoD were suggested to be the early MRF, while MRF4 and myogenin (myoG) were the late differentiation MRF. [6] [7] [8] [9] [10] Thus, MyoD, MyoG, and myosin heavy chain (MyHC) expression were applied to monitor myogenesis. 11 In addition, Akt activation enhances the expression of muscle specific proteins and elicits muscle differentiation. 12 The AKT-mTOR-p70S6K anabolic cascade promotes protein synthesis and muscle growth. 13 Akt also inactivates FoxO1, which induces muscle atrophy by transcriptional regulation, through protein phosphorylation. [14] [15] [16] Furthermore, myostatin negatively regulates myogenesis through myoD down-regulation 17 and Akt/TORC1/p70S6K signalling counteraction. 18, 19 Similar to what has been observed in sarcopenia, advanced chronic kidney disease (CKD) patients show protein-energy wasting with the presentation of skeletal muscle atrophy. 20, 21 Indoxyl sulfate (IS), a protein-bound uremic toxin, is elevated in the micromilieu of CKD patients. By the action of intestinal bacteria, dietary tryptophan is metabolized to indole, which is absorbed, metabolized, and sulfonated to IS in the liver. 22, 23 The failure of renal excretion causes IS accumulation, which causes numerous uremic symptoms and promotes premature aging. [24] [25] [26] [27] Accordingly, it is considered that CKD is a premature aging syndrome and uremic milieu provides a good model to study the aging process.
The endoplasmic reticulum (ER) is an organelle that functions to maintain protein quality control. 28 ER functional disturbance causes ER stress and leads to accumulation of unfolded or misfolded proteins, thereby trigging the unfolded protein response (UPR) to alleviate cellular stress and reestablish homeostasis. 29 Protein kinase RNA-activated (PKR)-like ER kinase (PERK), inositol-requiring protein 1 (IRE1), and activating transcription factor 6 (ATF6) are three ER transmembrane sensor proteins, which participate in the UPR. 30 Activation of PERK results in the translational attenuation through phosphorylation of the eukaryotic translation initiation factor-2α (eIF2α), controlling the quantity of proteins in the ER lumen. 31 ATF6, which is a transcription factor, induces the expression of ER chaperones to assist protein folding. 32, 33 IRE1 is a dual protein kinase/ribonuclease. IRE1-mediated unconventional XBP1 mRNA splicing in the cytoplasm to generate a mature mRNA, which encodes splicing XBP1 (XBP1s), and then enforces expression of ER chaperones and components of ER-associated protein degradation. [34] [35] [36] Recently, studies imply decline of chaperones and folding enzymes compromise proper protein folding and the adaptive response of the UPR with age. 37 In addition, in comparison with young mice, lower ER stress tolerance has been observed in old mice as revealed by elevated UPR signalling. 38, 39 These references highlight the significant role of UPR in age-related disease. Given that the sarcopenia is an age-related disease, in the present study, we use a uremic milieu premature aging model to investigate the molecular mechanisms, especially UPR, involved in sarcopenia progression.
Materials and methods

Culture of C2C12 mouse myoblasts and myogenic differentiation
Cells were obtained from Bioresource Collection and Research Center (Hsinchu City, Taiwan) and cultured in growth medium (GM) consisting of Dulbecco's modified Eagle's medium (ThermoFisher Scientific, Waltham, MA) supplemented with 10% fetal bovine serum (ThermoFisher Scientific) at 37°C in a 5% CO 2 -humidified environment. For myogenic differentiation, C2C12 myoblasts were placed in differentiation medium (DM) consisting of an equal mixture of two serum-free media Nutrient Mixture F-12 K Ham medium (ThermoFisher Scientific) and MCDB201 (Sigma-Aldrich, St. Louis, MO), along with 2% horse serum (ThermoFisher Scientific) to induce differentiation.
Reagents and antibodies
Indoxyl sulfate (IS), N-Acetyl-l-cysteine (NAC), 2 0 ,7 0 -dichlorofluorescin diacetate (DCF-DA), and salubrinal were purchased from Sigma-Aldrich. The following antibodies were used: Phospho-eIF2α (Ser51) (9721S) and Phospho AKT (Ser473) (9271S) from Cell Signalling Technology (Danvers, MA); eIF2α (D-3) and MYH (H-300) from Santa Cruz Biotechnology (Dallas, TX); BiP (610978) from BD Biosciences; myoG (GTX63352), GAPDH (GTX100118), and β-actin (GTX109639) from Genetex (Hsinchu City, Taiwan). Atrogin 1 (ab168372) from Abcam (Cambridge, MA); myoD (5.8A) (NB100-56511) from Novus Biologicals (Littleton CO), and Myc (CSBMA000041M0m) from Cusabio (China). AKT1 (C20) was kindly provided by Dr. Jim-Tong Horng of Chang Gung University, Taiwan. Anti-mouse IgG (H + L) and anti-rabbit IgG (H + L) antibodies were purchased from Genetex. siRNA against XBP1 (siXBP1:CCUUGUAGUUGAGAACCAGGAGUUA) and scrambled siRNA (siCtrl: medium GC of Stealth negative control duplex) were purchased from ThermoFisher Scientific and transfected into cells with Lipofectamine(R) 2000 reagent (ThermoFisher Scientific), according to the manufacturer's protocol. The Smart Quant Green master mix for real-time quantitative PCR assay was purchased from Protech (Taipei, Taiwan).
Plasmid construction
The full length of eIF2a S52D mutant was amplified by PCR from the cDNA prepared from C2C12 cells using following 
Assessment of cellular proliferation and cell death
Cell proliferation assays were conducted in 96-well plates. C2C12 myoblasts were seeded at 5 × 10 3 cells per well in GM for 16 h and then treated with IS (0-1 mM). After 48 h incubation, cell proliferation was determined using an MTS assay of CellTiter 96® AQueous One Solution Cell Proliferation Assay kit (Promega, Madison, WI) as described by the manufacturer. The data were collected with SpectraMax 190 Microplate Reader (Molecular Devices, Sunnyvale, CA). Trypan blue exclusion assay was used to assess cell death following IS treatment. C2C12 myoblasts (1 × 10 5 cells per well) were seeded in 6-well plates in GM for 16 h and then treated with IS (0-1 mM). After 48 h of incubation, cells were washed with PBS and trypsinized with 0.25% trypsin-EDTA (ThermoFisher Scientific). The cells were resuspended in 0.4% trypan blue solution (ThermoFisher Scientific) and counted using a haemocytometer. Each sample was run in triplicate.
Morphological analysis
After 3 or 4 days of cell culture in differentiation media, the mature C2C12 myotubes were determined morphologically by analysis of multinucleated myotube formation with haematoxylin and eosin (H&E) staining. The myotube formation was examined under a Leica DMi8 inverted microscope equipped with Leica DFC7000 T CCD Microscope Camera (Wetzlar, Germany). Random five separate views at magnification of ×100 were captured and quantified. The proportion of 2-5, 5-10, and >10 nuclear myotubes per number of all myotubes was shown.
Immunoblotting
Cells were lysed in RIPA lysis buffer (Cell Signalling Technology) containing a protease inhibitor cocktail (Roche, Basel, Switzerland). Lysates were incubated for 10 min on ice and then centrifuged at 14 000 rpm for 10 min at 4°C. The supernatants were collected, and the protein concentrations were measured by the Coomassie Protein Assay Reagent (ThermoFisher Scientific). Equal amounts of proteins (30-50 μg) were subjected to SDS-PAGE. Following electrophoresis, the proteins were electrotransferred to the polyvinylidene difluoride membrane (Millipore, Billerica, MA). The membrane was blocked with TBST (0.2% Tween 20 (vol/vol)) containing 5% nonfat milk for 1 h. Membranes were immunoblotted with specific primary antibodies followed by horseradish peroxidase (HRP)-conjugated secondary antibodies, and developed with Immobilon Western HRP Chemiluminescent Substrate (Millipore). The chemiluminescent image was captured with BioSpectrum 810 Imaging System (UVP, Upland, CA).
RNA extraction, reverse transcription, RT-PCR, and quantitative real-time PCR
DNase-treated total RNA was extracted using GENEzol 
Intracellular ROS detection
DCF-DA was used to detect intracellular reactive oxygen species (ROS) production. Cultured C2C12 cells were treated by IS with or without 30 min of pre-incubation with NAC. After 48 h, cells were treated with 25 μM DCF-DA for 30 min at 37°C, and fluorescence was then analysed using flow cytometry BD LSRII (BD Bioscience).
Statistics
Results are presented as the mean ± SEM. The significance of difference was determined by the Student's two-tailed t test. A P-value of <0.05 was considered to be significant.
Results
Indoxyl sulfate treatment inhibits myoblast differentiation in a dose-dependent manner
We first assessed the effects of IS during the myogenic differentiation process. As shown in Figure 1A , addition of IS (0, 0.1, 0.5, and 1 mM) 2 days before induction of differentiation, to mimic the uremic milieu, markedly inhibited the formation of matured myotubes after 4 days of DM exposure. In total, 6 days of IS exposure significantly suppressed myoblast differentiation in a dose-dependent manner. Moreover, to keep an eye on myoblast fusion, numbers of nuclei per myotube were assessed. As shown in Figure 1B , IS treatment reduced the percentage of myotube with 5 to 10 nuclei, and none of the myotube had the nuclei more than 10 when the concentration of IS raised up to 1 mM. These data demonstrated that IS treatment dose-dependently inhibits myoblasts differentiation. We further examined the expression of differentiation markers myoG and MyHC. Compared with non-treated cells, IS-treated cells exhibited lower levels of myoG and MyHC at both mRNA and protein levels ( Figure 1C-F) . Data represent means ± SEM for three independent experiments. *P < 0.05, ** P < 0.01, and *** P < 0.001, as compared with untreated control.
IS inhibits myoblast proliferation and induces atrogin 1 expression
Impaired proliferation of myoblasts and enhanced myotube atrophy would precede loss of muscle mass. We thus performed MTS assay and trypan blue exclusion assay to investigate whether IS treatment diminishes proliferation and induces cell death. C2C12 myoblast cells were seeded in GM. After plating down for 24 hours, cells were treated with indicated concentration of IS (0-1 mM). The results showed that IS had growth inhibitory effect (Figure 2A ) but had no sign of cell death on myoblast ( Figure 2B ) after 48 hours exposure. These results confirm that the inhibitory effects of IS on myogenic differentiation are not due to a nonspecific cytotoxic effect. The ubiquitin-proteasome system is the degradation system involved in myotube atrophy. Atrogin 1 is an important enzyme in ubiquitin-mediated proteolysis; therefore, we treated 4-days differentiated C2C12 myotubes with or without 1 mM IS for additional 2 days and cell extracts made were analysed by immunoblot using anti-atrogin 1 antibody. IS treatment up-regulates atrogin 1 protein level and down-regulates MyHC, a substrate of muscle-specific E3
ubiquitin ligase under atrophy condition 40 ( Figure 2C-E) . Enoki et al. demonstrated that atrogin 1 expression is induced by continuous IS exposure throughout myotube differentiation. 41 In our study, however, IS can trigger the atrogin 1 expression even at time point near the completion of the differentiation.
IS down-regulates promyogenic AKT signalling and myoD expression Accordingly, myoD is believed to be an important regulator of gene expression in myogenic initiation, and up-regulation of MyoD during differentiation process is required for terminal differentiation. 6 Therefore, we examined the changes in myoD expression level during myoblast differentiation in IStreated cells. As shown in Figure 3A and 3B, IS exposure suppressed myoD protein expression. Furthermore, previous study indicated that myoD expressed in the proliferating myoblasts at the beginning of myogenic differentiation, which mediates cell cycle withdrawal, and then promoting myogenic differentiation. 42 To determine whether IS treatment decreases myoD expression, C2C12 myoblasts were cultured in GM and examined for the expression of myoD after 2 days of IS incubation. Our results showed that the amount of myoD protein decreased significantly in IS-treated myoblast compared with mock-treated control ( Figure 3C and 3D) . AKT activation favours myoblast differentiation and is positively correlated with myoD, MyoG, and consequent MyHC protein expression. 12, 43 We thus hypothesized that the myogenesis inhibitory activity of IS might rely on modulating AKT activity. We examined the changes in AKT-phosphorylation levels in myoblasts and in DM-incubated cells with or without IS treatment. We found that IS treatment significantly reduces (E-F) Akt expression and phosphorylation in myoblasts treated with or without IS (1 mM) for 48 h are determined by western blot and quantified. (G-H) Akt expression and phosphorylation during myoblasts differentiation treated with or without IS (1 mM) at the indicated time point are determined by western blot and quantified. Data represent means ± SEM for three independent experiments. *P < 0.05, ** P < 0.01, and *** P < 0.001, as compared with untreated control.
phosphor-AKT expression ( Figure 3E-H) . These observations showed that IS treatment inhibits AKT-phosphorylation and downstream myoD expression.
Indoxyl sulfate treatment elicits unfolded protein response signalling in C2C12 cells
ER stress response has been implicated in aging and agerelated disease, 37, 44 we then questioned whether exposure of IS induces ER stress in C2C12 cells. We first assessed UPR signalling in undifferentiated myoblasts. Results showed that BiP mRNA expression level and phosphorylation of eIF2α increased after 2 days exposure of IS ( Figure 4A-C) . To investigate whether IS induces IRE1-XBP1 pathway activation by splicing of XBP1 mRNA, we performed semi-quantitative PCR to measure XBP1u and XBP1s mRNA levels. It can be observed that the levels of either XBP1u or XBP1s mRNA were not altered by IS treatment ( Figure 4D and 4E) . Next, we explored whether IS exposure modulates ER stress during differentiation. Similar to what has been observed in IS-treated myoblast, IS treatment enhances BiP mRNA expression and eIF2α phosphorylation ( Figure 4F-H) . Notably, IS treatment significantly induces XBP1s mRNA expression compared with non-treated condition during myogenesis ( Figure 4I and 4J ).
Divergent effects of phospho-eIF2α and XBP1 on myoblast differentiation
Given that up-regulation of phospho-eIF2α is an early event in IS-induced suppression of myogenesis ( Figure 4B and 4C) , we treated cells with salubrinal, an eIF2α dephosphorylation inhibitor, [45] [46] [47] to investigate the effect of eIF2α phosphorylation on myogenesis. Figure 5A and 5B showed an increase of eIF2α phosphorylation in the salubrinal treatment condition which confirms the effectiveness of salubrinal. Altering eIF2α phosphorylation level influences myogenesis as demonstrated by decreased myoD and phospho-AKT expression in salubrinal-treated myoblasts. In addition, salubrinal treatment also down-regulated the expressions of myoG, MyHC, and phospho-AKT in DM-incubated cells ( Figure 5C and 5D) . In agreement, the suppressor role of phospho-eIF2α was further supported by overexpression of mouse S52D phosphomimetic eIF2α mutant, which leads to suppress myogenesis with reduction of myogenic markers in myoblasts and in DM-incubated cells ( Figure 5E-H) . Furthermore, we used XBP1-targeted siRNA to investigate the role of XBP1 on ISsuppressed myogenesis. Control siRNA or XBP1 siRNAtransfected myoblasts were treated with IS for 24 h in GM, followed by 2 days of IS exposure in the differentiation condition. We found that decreased expression of MyHC but not myoG were detected in XBP1-deficient cells, indicating XBP1 may be related to the late differentiation phase ( Figure 6A and 6B ). In addition, depletion of XBP1 presents decreased phospho-AKT expression level ( Figure 6C and 6D). To further access the importance of XBP1 in the regulation of late phase myogenic differentiation, the 2 days differentiated C2C12 cells were shifted to GM and transfected with siXBP1. After 24 h, the medium was removed and replaced with DM for 2 days as illustrated in Figure 6E . Phase contrast photomicroscopy revealed XBP1-deficient cells fuse to form short myotubes compared with cells transfected with scrambled siRNA ( Figure 6F ). These data showed that XBP1 is responsible for mediating late phase myogenic differentiation probably through regulation of MyHC expression. Collectively, our results demonstrated the pro-and anti-myogenesis roles of XBP1 and phospho-eIF2α, respectively, in different stages of myoblast differentiation.
Involvement of ROS in IS-modulated eIF2α phosphorylation and antimyogenesis
IS induces ROS in several cell lines. [48] [49] [50] To investigate whether ROS are involved in IS-induced suppression of myogenesis, C2C12 myoblasts were preincubated with or without ROS scavanger NAC for 30 min and then treated with IS for 2 days. Then cells were washed with PBS and maintained in DM or NAC-containing DM for 30 min followed by IS treatment as illustrated in Figure 7A . Here, we showed that NAC treatment effectively decreases IS-induced ROS levels, which confirms antioxidant activity of NAC ( Figure 7B ). By the end of 4 days of incubation in DM, H&E staining results reveal that NAC treatment reverses IS-induced defect in myotube formation ( Figure 7C ). The results presented in Figure 4 suggested that eIF2α phosphorylation involved in IS-mediated myogenesis suppression. According to the interaction between ROS and ER stress has been implicated in many research fields, we examined the changes of eIF2α phosphorylation induced by IS with or without NAC. Results showed NAC treatment reverses IS-induced up-regulation of phospho-eIF2α ( Figure 7D and 7E) . Consistently, the inhibitory effect of IS on myogenesis was reversed by NAC treatment as demonstrated by increased myoG and MyHC expression as well as activation of AKT (Figure 7F and 7G) ; however, there is no change in IS-induced splicing of XBP1 mRNA ( Figure 7H and 7I), indicating eIF2α phosphorylation is selectively activated by ROS upon IS treatment. In addition, we found that increased atrogin 1 protein level could be reversed by NAC ( Figure 7J and 7K) . These results showed that ROS-eIF2α axis is important for the anti-myogenesis activity of IS.
Discussion
Using a uremic milieu premature aging model, we demonstrated that UPR signalling pathways engage myogenesis regulation ( Figure 8 ). Since IS-induced myoblast differentiation defect was identical to the effect of salubrinal treatment or overexpression of phosphomimetic eIF2α S52D, we concluded that IS treatment causes eIF2α phosphorylation followed by decreased phospho-AKT, reduced myoD expression, and impaired myogenesis. Moreover, phase contrast photomicroscopy and the expression of differentiation markers revealed that depletion of XBP1 causes abnormal The level of XBP1u and XBP1s mRNA expression is determined in well MD cells with or without IS (1 mM) for 48 h. The data were expressed as mean ± SED from three independent experiments. *P < 0.05, ** P < 0.01, and *** P < 0.001, as compared with untreated control. myotube formation, which indicates IS-induced XBP1 serves as an adaptive response. We further demonstrated that ROS accumulation triggers eIF2α phosphorylation, and antioxidant NAC reverses the eIF2α-mediated AKT dephosphorylation in IS-treated myoblasts. However, as the crosstalk between oxidative stress and ER stress have been raised, it is possible that the protective activity of NAC is afforded by means of reducing the overall level of ROS and ER stress directly. UPR has been shown to participate in modulating myogenesis. [51] [52] [53] Selective activation of ATF6 in apoptotic myoblasts rather than lived cells is associated with muscle development probably through induction of caspase-12 cascade to remove vulnerable cells, which in turn benefits (1 mM) . MyHC, myoG, and phospho-AKT expression were determined with western blot and quantified (F and G). XBP1u and XBP1s mRNA expression are examined by agarose gel electrophoresis (H and I). Atrogin 1 expression are measured by western blot and quantified (J and K). The data were expressed as mean ± SED from three independent experiments. *P < 0.05, ** P < 0.01, and *** P < 0.001, as compared with untreated control. myogenic progression of the rest surviving cells. 51 Recently, studies in PERK/eIF2α arm of the UPR indicated that eIF2α phosphorylation is persistent in muscle stem cell to maintain the quiescence and self-renewal while eIF2α dephosphorylation initiate myogenic differentiation. 52, 53 Accordingly, these observations lead in considering phospho-eIF2α plays as a molecular switch between cell quiescence and differentiation. The eIF2α phosphorylation declines during myoblast differentiation, 52 and sustained eIF2α phosphorylation blocks myogenesis under pathological conditions such as uremic milieu or aging (Figures 4 and 5) . It presently remains unresolved how phospho-eIF2α manipulates IS-suppressed myogenesis. Presumably, phosphorylation of eIF2α attenuates global protein synthesis, and decreased muscle protein synthesis is associated with both myoblast dysfunction and myotube atrophy. However, phospho-eIF2α paradoxically selective translates transcripts containing upstream open reading frames within their 5 0 untranslated region commonly referred to as the integrated stress response. 54 Therefore, it will be intriguing to determine whether integrated stress response target genes act as myogenic suppressors in future study. Salubrinal, an eIF2α dephosphorylation inhibitor, will increase the phosphorylation of eIF2α as we have already known, but what is its exact effect on the ER stress is still controversial. One landmark study by Yuan JY's group mentioned that salubrinal acts as an ER stress inhibitor. 45 However, the same group stated that salubrinal induced a marked eIF2α phosphorylation, and potentiated ER stress in β-islet cells. 47 Because of the controversial role of salubrinal, we designed the experiment to investigate the influence of salubrinal in our system. We pre-treated C2C12 cells with salubrinal followed by ER stress inducer tunicamycin exposure, and we found salubrinal cannot attenuate the tunicamycin-induced BiP and XBP1s mRNA upregulation, but potentiate the induction of CHOP, a downstream of ER stress effector (Supplementary Figure S1) . In addition to the earlier findings, our recent works also demonstrated that salubrinal potentiated cisplatin-induced tubular cells death. 55 Taken together, we suggested that salubrinal potentiated ER stress-induced adverse effect in C2C12 differentiation. Each UPR or Akt signalling pathway has a specific role in cellular development, differentiation, and cell fate determination. Studies focused on the interplay between UPR and AKT signalling, however, are rare. AKT regulates PERK/eIF2α pathway controlling cell fates under pathological condition such as tumour and hypoxia. 56, 57 Inhibition of Akt synergistically sensitizes acute lymphoblastic leukaemia cells to 2-deoxy-D-glucose and down-regulates expression of UPR Figure 8 Model of IS-induced defect in myoblast differentiation. The pro-and anti-myogenesis roles of XBP1 and phospho-eIF2α in different stages of myogenesis are pointed out. Notably, the ROS-eIF2α axis is important for the antimyogenesis activity of IS. The red line indicates translational attenuation caused by phosphorylation of eIF2α probably results in decreased myoD expression. Overall, our research demonstrates the pivotal role of UPR signalling in age-related muscle loss and sarcopenia.
factors BiP, IRE1, and phospho-eIF2α. In addition, ER stress negatively regulates AKT/TSC/mTOR pathway to enhance autophagy. 58 Interestingly, XBP1s forms complex with PI3K regulatory subunits p85α and p85β, which facilitates nuclear translocation of XBP1s and downstream genes expression. 59, 60 In the present study, we found that eIF2α phosphorylation and depletion of XBP1 cause dephosphorylation of AKT. To our knowledge, this is the first work that shows both eIF2α and XBP1 control activation of AKT, thereby regulating myogenic progression. The underlying mechanisms, however, await further investigation.
XBP1s induces expression of genes involved in maintaining ER homeostasis including protein folding, modification, trafficking and ER-associated protein degradation. Recently, it was shown that XBP1s regulates glucose homeostasis via FoxO1 interaction and subsequent FoxO1 proteosomal degradation. 61 Short myotube formation in XBP1-deficient condition suggested a crucial role for XBP1 in the late phase of myogenesis. The molecular mechanisms under XBP1 regulation in myotube formation remain unclear. XBP1s, as a transcription factor, possibly induce myogenic proteins expression. Alternatively, regarding XBP1 is required for AKT phosphorylation, XBP1 may protect cells from atrophy through AKT-FoxO1 signalling pathway. It is also possible that XBP1 prevents myotube atrophy through its inhibitory interaction with FoxO1. In any case, it is interesting to study further the exact role of XBP1 in myogenesis and other related disease.
In the present study, myogenesis is repressed by high (1 mM) and lower (0.5 mM) concentration of IS ( Figure 1A and 1B) while only high concentration shows inhibitory effect in myoblast proliferation ( Figure 2A ). As proliferation precedes myotube differentiation, we then chose 1 mM IS to do the subsequent experiments. In CKD patients, IS concentration achieves nearly 53 ± 21 mg/L (0.25 ± 0.1 mM) 62, 63 which is one third of our treatment. Because uremic patients prolongedly and continually exposed to pathological IS concentration, higher IS concentration would be rational in invitro shorten exposure cell culture study. The same concept is also mentioned in another study. 27 Given that depression of protein synthesis and increase in degradation lead to muscle loss, studies targeting repressed protein synthesis or protein degradation as therapeutic strategies are emerging topics. 64, 65 Urolithin B, an ellagic acid metabolite, up-regulates protein synthesis and inhibits ubiquitin-proteasome-mediated protein degradation in myotube. The mRNA levels of ubiquitin ligases atrogin 1 and MuRF1 are decreased under Urolithin B treatment. 64 In addition, compound EMBL ID#704946 has been identified as an inhibitor of MuRF1 in the context of protein expression, E3 ligase activity, and MuRF1-titin complexation. Intriguingly, EMBL ID#704946 not only attenuates skeletal muscle atrophy but also presents protective effect against cardiac cachexia.
65
Sarcopenia during cancer and aging share many common features. 66, 67 Inspired by our results, it is possible that UPRs also play regulatory roles in cancer cachexia or anticancer treatment-induced cardiac wasting. 68 Further investigations are needed for verification.
Conclusions
Our studies indicated that the ER stress and UPR modulation are critical in the CKD uremic toxin-accumulated sarcopenia. These findings improve our understating of the role of ER stress and uremic toxin, IS, in myogenesis, and provides new insight for developing therapies to improve myofiber formation in aging and uremic sarcopenia. Fig S1. Salubrinal cannot attenuate tunicamycin-induced ER stress. C2C12 myoblasts were pre-treated with or without 20 μM salubrinal for 1 h, followed by 2.5 μg/mL ER stress inducer Tunicamycin (Sigma-Aldrich) treatment for 8 h. The mRNA levels of (a) BiP, CHOP, and (b and c) XBP1 were examined and quantified. The increased CHOP mRNA level confirms the effectiveness of salubrinal. The data were expressed as mean ± SED from three independent experiments. ** P < 0.01 and *** P < 0.001, as compared with untreated control.
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